A novel, simple, sensitive and reliable electrochemical method for the riboflavin determination using chronopotentiometry with glassy carbon electrode was developed. The most important instrumental parameters of chronopotentiometry including type and concentration of supporting electrolyte, initial potential and current range were examined and optimised in respect to riboflavin analytical signal. Riboflavin provided well defined reduction signal at -0.12 V vs. Ag/AgCl (3.5 mol/L KCl) electrode in 0.025 mol/L HCl. Under optimal conditions, linear response of riboflavin was observed in the concentration range of 0.2-70 mg/L with achieved limit of detection of 0.076 mg/L and limit of quantitation of 0.23 mg/L of riboflavin. Common vitamins and excipients did not interfere with the determination. The proposed method was successfully applied for determination of riboflavin in commercially available pharmaceutical preparations. The obtained results were in statistical agreement to the contents declared by manufacturer and to those obtained by HPLC used as a comparative method.
Introduction
Riboflavin (7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5tetrahydroxypentyl]benzo[g]pteridine-2,4-dione), commonly named vitamin B 2 , is a water soluble vitamin belonging to B-complex ( Figure 1) .
The compound exerts its biological function through two flavin coenzymes: flavin mononucleotide (FMN) and flavin adenin dinucleotide (FAD). The coenzymes participate in a range of redox reactions in intermediary metabo-lism by accepting and donating two electrons in the isoalloxazine ring. 1 These reactions are substantial for tissue respiration, normal cellular function, growth, and development. Although riboflavin is found distributed in virtually all naturally occurring foods, especially rich sources of this vitamin are milk and dairy products, meat, eggs, livers, cereals and fresh leafy vegetables. [1] [2] [3] Regular daily intake of riboflavin is important because it is not stored in human body in appreciable amounts. Though no pathologically severe symptoms attributed to vitamin B 2 deficiency have been observed in humans, diets lacking the vitamin caused lesions of the muco-cutaneous surfaces and intense photophobia. 4 The low solubility of riboflavin and the limited capacity for intestinal absorption probably account for the lack of toxicity. 4 Recommended daily intake of riboflavin for adult is 1.1 mg for men and 1.3 mg for women. 5 Some conditions such as pregnancy and lactation require an increase to recommended intake. Further, stress and heavy exercise may increase riboflavin DOI: 10.17344/acsi.2015.1745 requirements as well. 5 Balanced diet provides sufficient amounts of riboflavin to healthy individuals. If those amounts are not ensured by food, pharmaceutical preparations containing this vitamin may be alternative. Also, supplements may be of benefit for those at risk of deficiency, particularly for elderly people, alcoholics and those with absorption difficulties. 5 In recent times a large number of riboflavin containing pharmaceutical preparations and dietary supplements are present on the market. Riboflavin containing pharmaceutical products range in complexity from single vitamin to multivitamin and mineral formulations. Usually riboflavin is a part of a multinutrient formulation, particularly as a component of a Bcomplex. In order to ensure adequate quality control and for assessment of compliance with the recommendations for daily riboflavin intake, accurate and fast method for determination of riboflavin in pharmaceutical preparations is of crucial importance.
Many analytical methods for the determination of riboflavin have been reported. The standard method for riboflavin determination in food is the fluorimetric method, defined by Association of Official Analytical Chemists. 6 The other used techniques are spectrophotometry, 7-9 chemiluminescence, 10 capillary electrophoresis, [11] [12] [13] and the most frequently used HPLC. [14] [15] [16] [17] These methods have demonstrated good sensitivity and selectivity, but their implementation requires specialised expensive equipment and the procedures may be rather complicated and time-consuming. Contrary, electrochemical methods have been of great interest because they are rapid, reliable, more economic and suitable for in situ analysis. Electrochemical determination of riboflavin is possible due to its electro-reduction on the electrode surface. In general, it is believed that electro-reduction of riboflavin is a reversible process involving two electrons and two protons ( Figure 2 ). 18, 19 Among electrochemical methods, those based on voltammetry and voltammetric stripping analysis are mostly used for riboflavin assays. 1, [18] [19] [20] [21] [22] Various types of electrodes were considered in analysis of riboflavin, including mercury electrodes, 22, 23 gold electrode, 18 different types of carbon paste electrode, 2,22,24 glassy carbon electrodes, 25, 26 and bismuth based electrodes. 27, 28 Most of the mentioned electrodes are complicated to prepare, often with low reproducibility of fabrication. In some cases, additional pre-treatment and activation step is necessary as well. Thus, the design and development of fast, simple, inexpensive and effective methods are of great importance in practice.
To date, no report has appeared in the literature describing the analytical utility of chronopotentiometry on glassy carbon electrode in the determination of riboflavin. Hence, the present study is dealing with a quantitative determination of riboflavin using direct chronopotentiometric method on a glassy carbon electrode. This electroanalytical technique is simple, rapid, reproducible and easy to apply in routine usage. In addition, easy preparation and no risk of mechanical damage of the glassy carbon electrode are very advantageous. Therefore, proposed chronopotentiometric method applicability to the determination of riboflavin in pharmaceutical preparations was evaluated in this study.
Experimental

1. Chemicals and Reagents
Riboflavin, thiamine and pyridoxine were obtained from Sigma-Aldrich (Germany) and used as received. Acetic acid, sodium acetate, sodium chloride and potassium chloride were obtained from Centrohem (Serbia). Citric acid and sodium citrate were supplied by Zorka Pharma (Serbia) while ascorbic acid was acquired from Kemika (Croatia). All other chemicals used were of analytical grade purity (Merck, Germany). Doubly distilled water was used throughout the experiments. Riboflavin stock solution (1 g/L) was prepared daily by dissolution of solid standard in double-distilled water. The stock solution was stored in the refrigerator in a glass flask covered by aluminium foil. Working standard solutions of riboflavin were prepared by appropriate dilutions of the stock solution with supporting electrolyte. Acetic buffer was prepared by mixing of acetic acid and sodium acetate (all at 0.5 mol/L concentration). Citrate buffer was prepared by mixing 0.1 mol/L citric acid and 0.1 mol/L sodium citrate in appropriate amounts. For pH-adjustment 2 mol/L potassium hydroxide was employed.
Instrumentation
An automatic analyser (M1 analyser) for potentiometric and chronopotentiometric stripping analysis of our own construction was used in this study. 29 The qualitative and quantitative characteristics of the analyte were deter- Figure 2 . The electro-reduction mechanism for riboflavin. 18 mined automatically by M1 analyser. Qualitative characteristic of the analyte is the reduction potential while quantitative characteristic is the transition time. The transition time was measured as a time between two inflection points. Inflection points were determined by program derivatization and were indicated at the chronopotentiogram as horizontal dotted lines. The M1 analyser was connected to EPSON-570+ printer providing output records.
A glassy carbon planar disc electrode of 7.07 mm 2 total surface area was used as working electrode. An Ag/AgCl (3.5 mol/L KCl) electrode was used as a reference and a platinum wire (Ø 0.7 mm, l = 7 mm) served as an auxiliary electrode. In order to renew the electrode surface, the glassy carbon electrode was polished with aqueous suspension of aluminium oxide (grain size = 0.5 μm) on a polishing micro-cloth. After polishing, electrode was rinsed with acetone and double-distilled water and sonicated in water-ethanol (1:1, v/v) mixture for 5 min to remove impurities. Prior to each analysis, the surface of glassy carbon disc electrode was cleaned with quantitative filterpaper, wetted firstly with acetone, and then with doubledistilled water. The polishing procedure was repeated weekly or when reproducibility of the electrode worsened. Prior to each analysis the planar disc electrode was electrochemically cleaned by a constant current of 7.2 μA in 30 potential cycles from -0.8 V to 0.8 V in 0.025 mol/L HCl.
The laboratory accessories used were cleaned firstly by immersion in a nitric acid -water mixture (1:1, v/v), and then rinsed with distilled and double-distilled water. All experiments were carried out at room temperature (23 ± 2 °C).
3. Samples and Sample Preparation
All investigations were performed by using commercial riboflavin containing pharmaceutical preparations, including two types of multivitamin tablets (MVT1, MVT2), three different vitamin B complex tablets (BCT1, BCT2, BCT3) and three kinds of multivitamin granules (MVG1, MVG2, MVG3). The preparations were purchased from local drugstores (Novi Sad, Serbia).
In order to prepare sample for analysis, each tablet was powdered in a grinding mortar and dissolved in supporting electrolyte, sonicated for 15 min, and then filtered through a Whatman no. 1 filter paper (Whatman International, Maidstone, UK). The filtrate plus washing solutions of the insoluble residue were diluted with supporting electrolyte to 50 mL in a volumetric flask covered with aluminium foil. Aliquot of 20 mL was taken to the electrochemical cell for chronopotentiometric analysis. In the case of granules, appropriate amount of granules was dissolved in supporting electrolyte to the concentration of approximately 5 mg/L and 10 mg/L of riboflavin. The resulting solution was filtered and filtrate then analysed directly by the proposed chronopotentiometric method.
For HPLC analysis, after powdering, tablet was dissolved in double distilled water and sonicated for 15 min. The solution was then filtrated through Whatman no. 1 filter paper and membrane syringe filter with pore diameter of 0.45 μm (Chromafil ® Xtra PET-45/25, Macherey-Nagel, Düren, Germany). The filtrate plus washing solutions of the insoluble residue were diluted with double distilled water to 50 mL in a volumetric flask covered with aluminium foil. Sample prepared in this way was used for HPLC analysis of riboflavin.
4. Optimisation and Validation Procedures
In order to optimise electrochemical determination of riboflavin by using chronopotentiometry, the influence of the most important experimental parameters including the type and concentration of the supporting electrolyte, initial potential and reduction current were examined. For selection of optimal parameters for chronopotentiometric determination, height, sharpness and reproducibility of riboflavin electroanalytical signal were considered.
Performance characteristics of the optimised method were established by a validation procedure with spiked and real samples, studying linearity, limits of detection (LOD) and quantification (LOQ), precision, selectivity and accuracy. Estimation of proposed method accuracy was done by means of HPLC parallel analysis.
5. HPLC Analysis
HPLC analysis of the samples was carried out using "Agilent 1200" system (Agilent Technologies Inc., USA) equipped with diode array detector (DAD), Chemstation Software, binary pump, vacuum degasser, auto sampler and Agilent column (Eclipse XDB-C18, 1.8 μm, 4.6 × 50 mm). The DAD detector was set to 260 nm. As a mobile phase, 0.1% formic acid -methanol (85:15, v/v) mixture was applied. All analyses were performed under isocratic conditions at a mobile phase flow rate of 0.6 mL/min and column temperature of 30 o C. Injection volume was 5 μL. All solvents were degassed in an ultrasonic bath and filtrated through a 0.45 μm filter before use. Each sample was prepared and analysed in five replicates. Quantitative analysis in liquid chromatography was carried out by the calibration curve method. Figure 3b .
Results and Discussion
1. Chronopotentiometric Study of Riboflavin
As can be seen, no signal was observed in the supporting electrolyte without vitamin. However, cathodic scan gave a very pronounced signal around -0.120 V (vs. Ag/AgCl 3.5 mol/L), corresponding to the two-proton twoelectron reduction of riboflavin in solution. 18, 25 The horizontal line shows the position of the inflection point of the chronopotentiogram corresponding to the reduction time of riboflavin (analytical signal). Experiments showed that increase in concentration of riboflavin resulted in further increasing of the reduction time. After riboflavin detection, optimisation of the analysis parameters was carried out.
1. 1. Effects of the Supporting Electrolyte
In electroanalytical studies, the choice of the supporting electrolyte is a very important step because its composition and pH influence the properties of the analysed solution as well as the electrode-solution interface, modifying the thermodynamics and kinetics of the charge transfer process. 30 In order to choose the optimal supporting electrolyte for the chronopotentiometric determination of riboflavin, the effects of various supporting electrolytes were investigated. For this purpose, HCl, HNO 3 , H 2 SO 4 , Na-Cl, KCl, and Na 2 CO 3 in concentration of 0.01 mol/L and 0.025 mol/L were studied. Citrate buffer (pH 4), acetic buffer (pH 4.7) and equimolar mixture solutions of NaCl and HCl (0.025 mol/L), KCl and HCl (0.025 mol/L) were also considered as supporting electrolytes for chronopotentiometry of riboflavin. Concentration of riboflavin was 5 mg/L in all examined supporting electrolytes. Well-defined riboflavin analytical signals were observed in all electrolytes except in Na 2 CO 3 . Riboflavin signal appeared in a relatively narrow potential range from -0.115 to -0.140 V in HCl, HNO 3 , H 2 SO 4 , mixture solution of NaCl and HCl, and mixture solution of KCl and HCl. When NaCl or KCl were used as supporting electrolytes, the reduction potential of riboflavin was shifted towards more negative values, from -0.220 to -0.245 V. In citric buffer signals were re-corded in potential range from -0.260 to -0.275 V, while in acetic buffer signals were observed between -0.310 and -0.330 V. Hydrochloric acid in a concentration of 0.025 mol/L was chosen as the most suitable supporting electrolyte in all subsequent electroanalytical experiments, due to the highest and sharpest riboflavin analytical signal. Beside this, reproducibility of riboflavin analytical signal was very good (RSD = 2.43%, n = 5), in comparison to other examined electrolytes (RSD = 3.29 -7.20%, n = 5).
1. 2. Influence of the Initial Potential
The influence of the initial potential on riboflavin signal was investigated in the range from 0.7 to -0.1 V (vs. Ag/AgCl, 3.5 mol/L KCl) in solutions containing 5 mg/L of riboflavin in supporting electrolyte (Figure 4 ). The oxidation current and the ending potential were -0.8 μA and -0.4 V, respectively. It was observed that initial potentials higher than 0.190 V produced a protracted chronopotentiograms followed by a significant noise. However, at the initial potential of -0.106 V the response of riboflavin was not observed. According to the height and reproducibility of riboflavin signal (RSD = 2.18%, n = 5), initial potential of 0.023 V was chosen as suitable.
1. Influence of the Reduction Current
Reduction current is one of the most important experimental parameters in chronopotentiometric analysis due to its significant influence on height and sharpness of the analytical signal, i.e. the method sensitivity. Influence of the reduction current on riboflavin analytical signal in the case of planar disc electrode was investigated in model solutions containing 5 mg/L and 20 mg/L of riboflavin. Investigated ranges of the reduction current were from -0.2 μA to -4.2 μA for solutions contai- 
2. 1. Linearity
Due to the great importance of the linear range of the analytical signal-concentration dependence in quantification analysis, three concentration ranges of riboflavin were observed: 0.2-2 mg/L, 2-12 mg/L and 10-70 mg/L. Applied reduction currents were -0.3, -2.4 and -5.3 μA, respectively. The experiments were conducted in five replicates for each concentration range. The parameters of the reduction time-concentration dependence were calculated by the least-squares method. Figure 6 presents the chronopotentiograms of various concentrations of riboflavin in 0.025 mol/L HCl.
Under the optimal experimental conditions very good linear correlations were obtained between the measured reduction time and riboflavin concentration, for all three examined concentration ranges. Table 1 summarizes Figure 5 . Influence of the reduction current on the riboflavin analytical signal (mean ± 2SD, n = 5). C Riboflavin = 5 mg/L. ning 5 mg/L of riboflavin and from -2.7 μA to -6.1 μA for solutions containing 20 mg/L of riboflavin. Dependence of the transition time on the reduction current defined in solutions containing 5 mg/L of riboflavin is shown in Figure 5 . Each value of the reduction time is presented as a mean of five analyses, while the reproducibility for investigated current value is shown as interval around each value (2 SD).
Riboflavin reduction time exponentially decreased with increasing of the absolute current value, for both lower (τ = 2.68e 1.54I + 0.021, r = 0.9995) and higher (τ = 3.78e 0.74I + 0.050, r = 0.9996) concentrations of riboflavin. The reproducibility of the analytical signal was in the range 1.3-4.8%, expressed as relative standard deviation (n = 5). Lower oxidation currents caused large extension of the chronopotentiogram and decrease of the reproducibility, while greater oxidation currents caused the decrease in the determination sensitivity. Considering the rectilinear sequence of the dependence I·τ 1/2 = f(I), the reduction current interval from -0.8 to -5.3 μA was appropriate. Particular value of cathodic current from the given range was chosen considering the required sensitivity. Namely, smaller oxidation currents were used for lower concentrations of the analyte. Reduction potential of riboflavin did not vary significantly with the currents applied and was appearing at a potential range from -0.12 V to -0.14 V (RSD = 1.84%, n = 5).
2. Method Validation
The proposed chronopotentiometric method was validated with the respect to linearity, limit of detection (LOD), limit of quantification (LOQ), precision, selectivity, recovery and accuracy. All the experiments were performed under the optimized chronopotentiometric conditions. the parameters of regression lines, standard deviations of slopes (Sb) and intercepts (Sa), as well as correlation coefficients (r) of the defined linear dependences.
2. 2. Limit of Detection and Limit of Quantitation
Limit of detection (LOD) and limit of quantitation (LOQ) were calculated on the basis of (3.3 · S a /b) and (10 · S a /b) criteria, respectively. 31 S a represents the standard deviation of the intercept while b represents the slope of calibration curve defined for LOD concentration range (0.2-2 mg/L). Calculated limit of detection and limit of quantitation were 0.076 mg/L and 0.23 mg/L of riboflavin, respectively. The experimental value of the detection limit was in good agreement with the calculated one and it was sufficient for simple, fast and accurate riboflavin determination in pharmaceutical preparations.
2. Precision
The instrumental precision was investigated by seven consecutive analyses of blank sample containing 5 and 20 mg/L of riboflavin and the %RSD values of the analytical signal were used to estimate it. For the evaluation of method precision (repeatability and intermediate precision), seven independent blank sample solutions containing 5 and 20 mg/L of riboflavin were prepared and analysed every day in seven consecutive days. The intraday %RSD values of the assays results in the first day were used to examine the repeatability of the method, while the inter-day %RSD values of seven average assay results were used to evaluate the intermediate precision. Oxidation currents applied were -0.9 μA and -2.7 μA for the lower and the higher concentration of the vitamin, respectively. In all experiments conducted in order to evaluate instrumental and method precision, %RSD values were less than 3.84%, indicating quite good precision of the proposed method for determination of riboflavin.
2. 4. Interference Study
In order to evaluate the interferences of foreign species on the chronopotentiometric determination of riboflavin, a systematic study was carried out. Problem with interference in the case of multivitamin products may come especially from other vitamins, which are the major components of multivitamin pharmaceutical preparations. Riboflavin containing pharmaceutical products, in addition to riboflavin usually contain concominants such as vitamin A, D 3 , E, B 1 , B 3 ,B 6 , B 12 , C, nicotinamide, folic acid and additives. The selectivity of the proposed method was evaluated by additions 1, 2, 5, 10 and 100 mg/L of possible interfering substances to solutions containing 1 mg/L and 5 mg/L of riboflavin. Subsequently, the reduction times were compared with that obtained with an interferent-free riboflavin solution (1 and 5 mg/L). Likewise, the additions of excipients (sucrose, lactose, glucose) were examined, but in the following concentrations: 5, 10, 20, 25 and 50 g/L.
Results of interference study are shown in Table 2 .
The values in Table 2 represent the percentages of the change of riboflavin analytical signal in the presence of interfering agent. Based on the determined precision of the method (%RSD < 3.84), the particular agent was considered to be a serious interferent when it produced the signal change of riboflavin more than 5%. According to results shown in Table 2 , it is obvious that the reduction time of riboflavin was not significantly affected by substantial 100-fold excess of other tested vitamins. However, in the presence of sugars in concentrations higher than 25 g/L, no analytical signal of riboflavin was observed in solution containing 1 mg/L of riboflavin. In solutions containing 5 mg/L of riboflavin, presence of sucrose, glucose and galactose even in 10000-fold excess did not go over the value of riboflavin signal change of 5%. It can be concluded that concentrations of sugars higher than 25 g/L affect sensitivity of the method. Namely, lower concentration of riboflavin (< 5 mg/L) cannot be detected when sucrose, glucose or lactose are present in concentrations higher than 20 g/L. In spite of this fact, the proposed method provided the sufficient selectivity for riboflavin determination in pharmaceutical preparations. Some other possible interference such as retinol (vitamin A), cholecalciferol (vitamin D 3 ) and tocopherol (vitamin E) would not affect the determination due to their insolubility in aqueous solutions.
2. 5. Accuracy
Estimation of proposed method accuracy was done by means of HPLC parallel analyses and by calculating the recoveries in some of the pharmaceutical product samples. Obtained results are given in next section.
Determination of Riboflavin in Pharmaceutical Preparations
In order to verify the practical applicability of the proposed analytical method, pharmaceutical products were analysed under the optimum experimental conditions. The samples were prepared as reported in the experimental section and analysed by using the multiple standard additions method (by analysing the sample as prepared and after two standard additions). The average results for five replicate measurements with acceptable standard deviations obtained by chronopotentiometry and HPLC method are summarized in Table 3 .
The determined values of riboflavin in pharmaceutical preparations are in good agreement with a content declared by manufacturer as well as with results obtained by HPLC as independent method. Namely, the paired t-test 32 under 95% confidence level confirmed no statistically significant differences were observed between the values found by proposed chronopotentiometric and HPLC met- Table 4 .
The recovery values ranged from 94 to 103.5%. These values of recovery indicated that there are no significant matrix interferences in the analysed samples as well as that the presented method is sufficiently accurate and suitable for riboflavin determination in pharmaceutical products.
4. Comparison With Other Electrochemical Methods
A comparison of the analytical performance of our proposed method with some other reported electrochemical methods for riboflavin determination are given in Table 5 . As it was mentioned earlier, no established electrochemical method for riboflavin determination by using chronopotentiometry has been published to date in literature. Concerning the sensitivity of riboflavin determination, it is evident that various types of modified electrodes 2,22,28 provide the lowest LOD. Beside surface modification, an additional contribution to sensitivity increase is achieved by pre-concentration step (stripping techniques). The pre-concentration step could decrease the reproducibility of results and prolongs the time of analysis. Beside this, the preparation of chemically modified electrodes is complex and time consuming process that usually involves various steps in incorporation of the different, often expensive, modifiers to the electrode surface leading to the results that are not always reproducible. 33 Sometimes it is unnecessary to modify electrode surface for the purpose of sensitivity improvements in a practical analysis, reducing expenses as well as manipula-tion time relating to electrode modification. In our experiments satisfactory limit of detection and good linear concentration range were obtained without any electrode pretreatment with whole analysis time round 1-5 s.
Conclusions
A glassy carbon planar disc electrode was applied as an electrochemical sensor in combination with chronopotentiometry to elaborate a sensitive, selective and cheap alternative analytical method for direct determination of riboflavin in pharmaceuticals. The optimum experimental conditions were found as follows: 0.023 V initial potential, -0.4 V ending potential and reduction current range from -0.8 μA to -5.3 μA in an electrolyte solution of 0.025 mol/L HCl. The calibration curves displayed good linearity within the observed concentration ranges (0.2-2 mg/L, 2-12 mg/L, and 10-70 mg/L). Relatively low detection limit of 0.076 mg/L of riboflavin was obtained regardless that no modification of the glassy carbon surface or electrochemical treatments were involved. When applied to pharmaceutical formulations, the developed method yielded results that were in good agreement with those obtained by HPLC method as comparative reference method. The proposed chronopotentiometric method is found to be practically rapid, convenient, accurate and precise for riboflavin determination in pharmaceutical preparations. Therefore it can be concluded that this electrochemical method represents a valuable addition in the field of analytical chemistry for the determination of vitamins.
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